Two series of ternary glasses with compositions of 0.5BaO-xB 2 O 3 -(0.5-x)P 2 O 5 (Series 1) and (1-x)Ba(PO 3 ) 2 -xB 2 O 3 (Series 2) have been prepared. Various properties, such as refractive index (n), glass transition temperature (T g ), thermal expansion coefficient (α) and thermo-optic coefficient (dn/dT) have been measured to assess the potential of these borophosphate glasses for athermalisation. The results obtained for these glasses can be explained based on the incorporation of BO 3 and BO 4 units into the glass structural network. To achieve athermalisation, a negative dn/dT is required to counter the effect of thermal expansion.
INTRODUCTION
Borophosphate glasses have been extensively studied for various application purposes. They are interesting because of the presence of two glass formers; B 2 O 3 and P 2 O 5 , thus incorporating mixtures of borate, phosphate and borophosphate units within the glass networks. The physical and chemical properties and structural networks have been studied for a range of modifiers. These include Li 1 , Na 2 , K 3, 4 , Ca 5 , Ba 6 and Zn 7, 8 . Some of the applications of borophosphates include alkali and silver borophosphates as fast ion conducting glasses 1, 9 and zinc borophosphates for packaging solder glasses 10, 11 and seals for flat panel displays 12 .
The primary aim of this work is to assess the properties of borophosphates with the view for potential athermalisation applications. B 2 O 3 13, 14 and P 2 O 5 15 , due to their negative thermo-optic coefficients, have previously been co-doped with germanosilicate core for athermalisation purposes to minimise the dependence of Bragg wavelength with temperature. Lightwave devices used in Wavelength Division Multiplexing (WDM) systems, such as gratings, have a problem because their central wavelength is sensitive to temperature. This is due to the devices' optical path length change with temperature 14, [16] [17] [18] [19] , because of the collective effect of thermal expansion and thermal refractive index change. Thus, this temperature sensitivity compromises the efficiency of the WDM systems where thermal stability of wavelengths is crucial. Passive temperature control units can be used to minimise the problem but they could limit the performance of a WDM system [17] [18] [19] . Hence, an athermal device, which is inherently insensitive to temperature is the ideal choice to eliminate this problem of thermal fluctuation.
Pure phosphate, pure borate and barium metaphosphate glasses exhibit negative thermo-optic coefficients: -92.2×10 -6 /K 20 , -35.0×10 -6 /K 20 and -10.6×10 -6 /K 20 respectively, which is required to counter the effect of thermal expansion. Hence barium borophosphate glasses can be used for fabricating athermal devices, by tailoring the compositions to obtain the necessary refractive index (n), thermal expansion coefficient (α) and thermo-optic coefficient (dn/dT). The properties of potassium aluminophosphate glasses has also been previously investigated to assess their potential for athermalisation 21 .
The objective of the present paper is to examine the compositional effects of the barium borophosphate (designated as BaBP in this paper) glasses on their properties. A total of 11 samples are investigated in two compositional series to determine the effects of adding B 2 O 3 and the change in properties from a phosphate-rich composition to a borate-rich composition.
PRINCIPLE OF ATHERMALISATION
The path length, S, of an optical material is sensitive to changes in temperature due to the combined effect of thermal expansion and thermal refractive index change. Athermalisation is a process which eliminates the dependence of the optical path length on temperature. The optical path length of a homogeneous bulk material can be defined as
(1) where n is the refractive index and L is the length of the medium.
Differentiating equation (1) with respect to temperature will result in the temperature dependence of optical path length being defined as
where α is the thermal expansion coefficient (α = 1/L dL/dT), dn/dT is the thermo-optic coefficient and T is temperature.
Athermalisation is achieved by equating equation (2) to zero, giving the athermal condition as
As glasses generally exhibit positive α values, dn/dT must be negative to satisfy equation (3) . Therefore, this paper reports the athermal parameters of barium borophosphates (BaBP), highlighting the compositions that produce negative thermo-optic coefficient. . The glass samples were annealed for 60 minutes near the T g . before being slowly cooled at a rate of 0.5°C/min to room temperature. A glass sample of barium metaphosphate was also melted for comparison purposes. T g , onset of crystallisation, T x , and peak crystallisation, T p , temperatures were determined using a differential thermal analyser (Perkin Elmer DTA7) at a heating rate of 10°C/min while α was measured in the temperature range of 50-120°C with a thermomechanical analyser (Perkin Elmer TMA7) at a heating rate of 5°C/min.
EXPERIMENTAL

Glass preparation
Property measurements
The annealed samples with thickness of approximately 10 mm were then polished using three different solutions containing 9 µm alumina powder, 3 µm alumina powder and 0.125 µm silica particles respectively. dn/dT measurements were carried out on these polished samples using an interferometer set-up, as shown by the schematic diagram in Figure  1 . The sample is held within a furnace by two aluminium plates. The back plate is fixed in place while the front plate is spring loaded to allow for sample expansion and has an opening to allow for incoming light. The measurements were carried out in the temperature range of 20-100°C at a rate of 40°C/hour. Figure 2 shows the typical sinusoidal interference fringe pattern obtained, due to the interference of the reflected light from the front and back surfaces of the sample. The temperature difference between successive maxima or minima, ∆T, can then be extracted from the interference pattern and used to calculate dn/dT via the following equation 22, 23 :
where λ is the laser wavelength, l is the sample thickness, n is the refractive index and α is the thermal expansion coefficient. 
RESULTS
Two compositional series of barium borophosphate glasses were studied : 0.5BaO-xB 2 O 3 -(0.5-x)P 2 O 5 (Series 1) and (1-x)Ba(PO 3 ) 2 -xB 2 O 3 (Series 2). The compositions and respective properties of these glass samples are shown in Tables 1  and 2 . The samples were visually checked and found to be homogeneous and transparent except for samples 1f and 1g. These samples phase separated upon quenching and had a milky outlook throughout the whole samples. As with the case for refractive index, the T g for the series 2 glasses reaches a peak value at x = 0.4 before it starts to decrease as more boron is added. As the B/(B+P) ratio increases, α decreases monotonically but there is no evidence of any maximum or minimum point across the range of melted glass samples for both series.
The compositional effects on the thermo-optic coefficient of the glasses are shown in Figure 5 . dn/dT changes from a negative value to a more positive value with the addition of boron. In Figures 3-6 , the lines are drawn as guides to the eye. 
DISCUSSION
All the glasses melted are glassy and transparent except for the two samples within series 1 that contain the highest boron contents. The increasing amount of B 2 O 3 in place of P 2 O 5 with the amount of BaO fixed at 50 mol% induces different phases within the glass structural network that compete against each other. Brow et al. 24 , in their study of zinc borophosphate glasses using 11 B MAS NMR, found that tetrahedral boron sites, B(4), are incorporated into the phosphate network at low boron concentrations and that both trigonal boron, B (3), and tetrahedral boron sites are present in glasses with high boron concentrations which have phase separation. Such observations lead to the conclusion that B 2 O 3 -rich glasses incorporate separate borate and borophosphate networks. Shi et al. 25 managed to identify the variety of phases present in the same BaO-B 2 O 3 -P 2 O 5 system as our work, where part of their study included our series 1 compositions. Two phases of 3BaO.2P 2 O 5 and tetrahedral BPO 4 , were identified in one of their glass samples (similar composition to sample 1c) while additional phases of trigonal BaBPO 5 and possibly its decomposed product of Ba 3 BP 3 O 12 , were present in glasses containing higher boron content (B 2 O 3 : 17 mol% -36 mol%). Hence it can be presumed that our samples of 1f and 1g phase separated due to the presence of these separate additional phases.
Previous structural studies of borophosphate glasses 3, 4, 7, 9, 24 confirm that boron atoms form trigonal and tetrahedral sites within the borophosphate glass network. It was found that in the phosphate-rich domain of the borophosphate glasses, almost all the boron atoms are B(4). As the amount of boron content increases, the fraction of B(4) decreases while the fraction of B (3) increases. This shows that boron atoms are incorporated trigonally in the boron-rich domain of the borophosphates.
The results of n and T g obtained for the BaBP glasses in this work follow the same trend observed for other ternary borophosphate glasses 2, 5, 8 , despite the different starting materials used compared to the literature. The refractive index of the series 1 BaBP glasses increases with increasing boron content through the range of glass-forming compositions. For the series 2 glasses, the refractive index increases and reaches a maximum point at approximately x = 0.4, before decreasing slowly for higher boron contents. The results for the T g of the glasses follow a similar trend as n where there is an increase for the series 1 glasses and a maximum at around x = 0.4 for the series 2 glasses. These results for n and T g are shown in Figures 3 and 4 , respectively.
The increase of the refractive index at low boron contents (B/B+P < 0.4) as the boron concentrations increase implies an increase in the density of the glass. The density data for sodium borophosphates 2 and calcium borophosphates 5 confirm this observation. The addition of boron causes an increase in the content of glass former, which should strengthen the glass structural network. B(4) units are present in phosphate-rich glasses and thus form B-O-P bonds, which cross link the neighbouring phosphate chains. This causes a better packing of atoms within the glass structure and hence a more compact borophosphate network. Hence, density and refractive index of the glasses increase with increasing boron concentrations.
The T g of a glass is dependent on the covalent cross link density and metal-oxygen cross link strength 4 . Therefore, the formation of B-O-P bridges between phosphate chains increases the structural cross linking of the glass network and causes an increase in T g . For the Series 2 glasses, in addition to the polymerisation effect of boron on the glass network, the substitution of B 2 O 3 for BaO results in the formation of stronger covalent B-O-P bonds than the ionic Ba-O-P bonds between the phosphate chains. This is because B 3+ has a higher field strength, defined as the ratio of the ion valence to the square of the bond distance between the ion and oxygen (z/ a 2 ) 26 , than Ba 2+ .
Both n and T g of the series 2 glasses exhibit a maximum at B/(B+P) = 0.4 (x = 0.4) before decreasing as more boron is added. Such behaviour generally corresponds to structural network change in terms of bonding. As the concentrations of boron increase further, B(3) units become the preferred coordination in borate-rich glasses, compared to B(4) units in phosphate-rich glasses. This results in a structural change from a disordered borophosphate network to a borate network. This decreases the density of covalent cross links and hence weakens the glass network. Therefore, both n and T g decrease for B/(B+P) > 0.4.
The α for both series 1 and 2 decreases with increasing B/(B+P) ratio. The addition of boron makes the glass network highly cross linked and hence leads to a decrease in the thermal expansion of the glasses, as shown in Figure 5 . There is no evidence of a maximum or minimum point for α throughout the whole range of glasses examined, in contrast to the maximum peak observed for T g at B/(B+P) = 0.4 when the glass network crosses from a rigid borophosphate structure to a borate network. This seems to suggest that α is insensitive to changes in the nature of bonding within the glass network.
dn/dT of the glasses changes from a negative value towards a more positive value as the boron concentrations increase, as shown in Figure 6 . Equations (3) and (4) show that a decrease in α leads to an increase in dn/dT of a glass. This is consistent with our results shown in Figure 7 (curves are drawn as guides to the eye). As the boron contents increases, α decreases and subsequently results in a more positive dn/dT value. From the figure, we can conclude that an α>7×10 -6 /°C is required to obtain negative dn/dT.
The inter-dependence of α and dn/dT is also supported by the equation for dn/dT as derived from the Lorentz-Lorenz equation, using the approximation of (d(lnV)/dT~3α), as shown below:
where A=[(n 2 -1)(n 2 +2)/6n], n is the refractive index, P e is the polarisability, α is the thermal expansion coefficient and T is temperature.
Equation (5) shows that dn/dT is affected by both α and P e . The addition of boron to a phosphate glass network results in the formation of B-O-P bonds via B(4) units. Further addition of boron causes a change in its coordination number from four to three. This decrease in the coordination number leads to an increase in the polarisability of the glass, where such a behaviour is also observed in an aluminophosphate 27 network. The increased polarisability effect with increasing boron concentrations, coupled with decreased α values, leads to a more positive dn/dT value, according to equation (5). 
where γ is the change in polarisability due to a change in inter-ionic distance (γ=∂(lnPe)/∂(lnr)T), P e is the polarisability, r is the inter-ionic distance and α is the thermal expansion coefficient.
γ can be determined using equation (6) and the measured properties of n, α, and dn/dT and found to range from approximately 3.7 to 2.0 as the glass changes from a phosphate-rich to a borate-rich composition (increasing B/B+P ratio). The decrease in γ accounts for the negative slope observed in Figure 8 .
The glasses characterised in this work are not athermal on their own as they do not satisfy the athermal condition of equation (3), where their 1/L(dS/dT) values are non-zero. Hence, we need to employ a multi-layer system (clad-core- substrate) method 14, [17] [18] [19] with the use of substrates with suitable α values to fabricate athermal waveguides or gratings. The thermal expansion of the substrate will then be more crucial due to the substrate's thicker dimensions. By choosing a substrate with low thermal expansion, α sub , equation (3) can be satisfied using dn/dT of the core glass and the considerably less negative value of -nα sub . However, the principles and realisation of such athermal devices is beyond the scope of this paper.
CONCLUSIONS
Different compositions of barium borophosphates (BaBP) and their respective optical and thermal properties have been assessed in two compositional series: 0.5BaO-xB 2 O 3 -(0.5-x)P 2 O 5 and (1-x)Ba(PO 3 ) 2 -xB 2 O 3 . Tetrahedral boron units are incorporated into the glass network at low boron content while trigonal boron units are present at high boron content. This change in the glass structural network causes a maximum peak in the refractive index and glass transition temperature. For phosphate-rich glasses, the formation of B-O-P bridges between phosphate chains, associated with the presence of tetrahedral boron units, causes an increase in the compactness, density of covalent cross links and strength of the glass structure. Consequently, the refractive index and glass transition temperature increase. For borate-rich glasses, the presence of trigonal boron units decreases the structural density and strength of the glasses so that the refractive index and glass transition temperature decrease. The change of the glass structure from a borophosphate network to a borate network occurs at B/(B+P) = 0.4 where a maximum is observed. However, such structural change does not seem to affect the thermal expansion and thermo-optic coefficient of the glasses. The systematic addition of boron leads to the decrease of thermal expansion and the subsequent progress towards more positive thermo-optic coefficient values. dn/dT is strongly dependent on α and a value of α>7×10 -6 /°C is required to obtain negative dn/dT. Glasses with negative dn/dT have been achieved.
